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ABSTRACT 
pW3 
Observations of the temporal variations of electron 
(E > 1.6 MeV) intensi t ies  near the  geomagnetic equator i n  the 
outer radiation zone with Explorer xw (2 October 1962 to  
8 August 1963) strongly suggest that  replenishment of energetic 
electrons i n  the outer radiatioc zone during the ceveral weeks 
following a period of geomagnetic act ivi ty  prmeeirs by an 
inward radial motion of energetic electrons Prom L > 5 .  
The apparent, inward radial velocity of the “wave” of 
electrons (E > 1.6 Me9 is - 0.4 earth radius (rlay)” at 
L = 4.7 and - 0.03 earth radius (day)’l at  L = 3.4 and varies 
as - L8 between these L-shells. These inward radial velocit ies 
for  the several repleniskiment cycles of outer zone electrons 
(E > 1.6 h V )  observed with Ekplorer XIV a t  a given L-shell 
are equal t o  within experimental errors. 
provide evidence f o r  a continually active mechanism f o r  diffusing 
These measurements 
energetic electrons across Eshells i n  the outer radiation zone. 
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I. INTROlXJCaON 
The existence of a belt of energetic electrons 
(E - 1 MeV) encircling the earth and centered at - 25,000 km 
geocentric radia3. distance in the geomagnetic equatorial 
plane (i.e., the outer radiation zone) was demonstrated by 
in s i t u  measurements with some of the earliest earth satellites 
and lipace probes [cf. Van Allen, Ludwig, Ray, and I l c l l d n ,  
1958; Van Allen md Frank, 1359 a, bl. 
energetic electrons i n  the interplanetary medium beyond the 
earrth's magnetosphere and of energetic electrons precipitated 
into the earth's upper atnosphere reveal that  the inter- 
-- 
Since measurements of 
planetary intensi t ies  are insufficient for  mintairling the 
outer zone intensit ies,  a "local" (i.e., within or i n  the 
immediate vicini ty  of the earth' s magnetosphere) acceleration 
mechanism driven with the energy of t he  solar wind is 
generally invoked. i n  order t o  account fo r  the ljnergetic 
electrons of t h e  outer radiation zone. 
zone electron intensi t ies  has been stuclied by means of a variety 
of Geiger-Mueller tubes and scintilla+,ors on severa l  earth 
satellites [cf. Forbush e t  EL, 1962; McIlwain, 1963; Frank 
et al., 1964; Freeman, 1%4]. 
of these electron intensit ies during end folloWir,g a period of 
The morphology of outer 
Briefly, the tempord variations 
4 
r 
r 
geomagnetic act ivi ty  are characterized by (a) 811 immediate 
enhancement of - 40 keV electron intensi t ies  beyond L 2 3.5 
and (b) a severe decrease of - 1 MeV electron intensi t ies  a t  
the onset of the geomagnetic activity,  (c)  subsequent decay of 
electron E - 40 keV intenaities a f te r  the i n i t i a l  increase of 
intensit ies,  (d) m increase of electron E - 1 MeV intensi t ies  
within a few days a f t e r  the onset of the geomagnetic act ivi ty  
a t  L - 5 and an increasing time delay ( - three weeks a t  
L - 3.5) for the enhancement of intensi t ies  with decreasing 
L-value, and (e) a,n orderly decay of electron (E - 1 MeV) in- 
tens i t ies  after the enhancement of intensi t ies  at a given 
Eshel l .  
l e ]  revealed that the temporal variations of the radial 
profi le  of electron (E > 1.6 MeV) intensi t ies  near the geo- 
magnetic equator ia l  plane were characterized by an inward 
radial motion of the inner boundary of the intensity peak 
persisting for periods of a t  l e a s t  several weeks and an 
apparent radial. velocity - 0.02 earth radius (day)” follow- 
ing a magnetic storm. 
indicates tha t  in-ward diffusion of energetic electrons across 
E s h e l l s  from L >  5 i s  a soxrcc of energetic outer zone 
electrons. 
Detailed inspection of Explorer XIV data [Frank e t  d., 
This apparent radial mt ion  strongly 
The follow5ng investigation extends the above 
1 
5 
preliminary analysis of the apparent radial d i f m i o n  of 
energetic electrons (E > 1.6 MeV) observed by Explorer XIV.  
6 
The S.U.I. detector array i n  Zxplorer XLV (launch, 
2 October 1962; apogee altitude, 98,533 km; perigee altitude, 
281 km; orbital inclination, 33") included three collimated 
Anton type U 3  thin-windowed Geiger-Mueller tubes with differing 
par t ic le  energy thresholds and an omnidirectional, shielded 
Anton type 302 Geiger-Mueller tube. (Rk a detailed descrip- 
tion of these detectors, see Frank, Van Allen, and K i l l s  
[ 19641 -) Of particular iaterest  i n  the present investigation 
is the response of the familiar 302 G.M. tube (shielding of 
265 rcg 
t o  penetrating energetic electrans (E > 1.6 MeV) i n  the 
outer radiation zone from L 2 3 to L - 5 .  
the shielded 302 G.M. tube hss been shown to be tha t  due to 
penetrating electrons (E > 1.6 MeV) over th i s  L-sheU range 
by demonstrating that the response due t o  penetrating 2rotons 
E > 23 MeV [McIlwain, 19631 and due t o  nonpenetrating electron 
bremsstrahlung [Frank, 1962; E'rank e t  al., 19641 is negligible 
i n  comparison t o  the penetrating electron response. The omni- 
directional geometric factor (EG) of the 30!2 G.M. tube fo r  
counting electrons @ > 1.6 M~V)LS 0.1 & 0.05) cm f o r  typical 
outer radiation zone spectrums; the present study is concerned 
magnesium and 400 mg (cm)02 stainless s tee l )  
The response of 
2 
7 
with the coqarison of the L-shell profiles of the relative 
responses of this detector for sequences of consecutive passes 
of the satellite through the outer radiation zone. 
response of -the 302 G.M. tube is sanipled for 10.24 seconds 
even? 76.8 seconds and the corresponding sanple density is 
- 1 sample per 300 km geocentric radial distance along the 
portions of the Ekplorer X I V  trajectory of interest in the 
present investigation. 
The 
An example of appazent, radial ly  inward motion of 
energetic electrons (E > 1.6 MsV) as observed by Explorer XIV 
has been given by Fraak, Van Allen, and H i l l s  c19641 and is  
presently reviewed i n  Figures 1 and 2. Figure 1 displays the 
omnidirectiond intensity profiles of electrons (E > 1.6 MeV) 
as a function of L for  three similar passes (in magnetic 
la t i tude)  through the outer radiation zone preceding a period 
of geomagnetic act ivi ty  beginning on 17 December 1%2. An 
orderly decline of intensit ies Over the ent i re  L-shell 
range displayed here is evident and the absence of the "slot" 
or  minimum of intensi t ies  at L - 3 is due t o  a r t i f i c i a l l y  
injected electrons framthe Soviet high-altitude nuclear 
explosions i n  late October and early Noveniber 1962. 
these L-shell intensi typrofi les  after the period of geomagnetic 
activity,  Figure 2 clearly shows the systematic movement of the 
inner edge of' the intensity prof i le  from L 2 3.8 t o  L - 3.3 
and a slow decay of peak intensit ies over a period of - 20 aaJrs, 
and a return of the intensit ies observed a t  L > 4.7 t o  pre- 
storm vctlues by 8 January 1903. 
observation of t h i s  slow radia3 movement of energetic electrons 
that the period of geamag;netic act ivi ty  be followed by a period 
Continuing 
It is essential  t o  the abwe 
. 
9 
1 .  
of several weeks characterized by re lat ive magnetic quiescace 
insofar a~ compolmded cycles cannot be easi ly  separated i n  an 
observational sense. For example, the rCp daily sums c Kp 
for  tne period discussed above were > 30 fo r  17-20 December 
and - < 15 over the period 23 December 1962 t o  8 January 1963 
with the exceptions of c IQ, = 23 and 18 on 26 and 31 December 
respectively (see Frank e t  a L  E19641). 
radial velocity of the inner edge of the outer radiation zone 
i n  the example e v e n  above is  - 3 x loo2 earth radius (day)-' 
at L - 3.4. 
- 
The apparent inward 
The long operational l i f e t ine  of EqLorer XNprovided 
several observations of the chain of events discussed above. 
Another example of the replenishment of energetic electron 
(E > 1.6 b&V) intensi t ies  is  shown i n  Figure 3 for the period 
9-24 March 1963 when the sa t e l l i t e  passed through the outer 
radiation zone along a trajectory of similar B and L every 
three days. The intensity profiles of Figure 3 are displayed 
as R function of radial distance f r o m  the center of easth and 
the variations of magnetic latitude for  t h i s  series of prof i les  
are indicated by a sample geomagnetic I n t i t i e  given at 
30,OOO km for  each profile. 
temporal. vari;ttions of the p ro f i l e s  displayed i n  Figure 3 are 
The salient features of the 
. 
10 
the characteristic sparsity of electrons during the storm 
period on 9 Ma.rch 1963, the subsequent increase of eiectron 
(E > 1.6 &V) intensities in the outer radiation zoae until 
- 15 March with a peak intensity at a radid distance of 
25,000 km during a period of geo-etic activity) and 
sdsequent decay of intensities beyond - 25,OOO km with an 
apparent motion of the peak of intensities inward to - 20,000 km 
by 24 March. 
suggests that the electron (E > 1.6 MeV) intensities are 
rapidly enhanced during the several &ys follaring the initial 
decrease in intensities at the onset of geomagnetic actiety 
for L > 5 and proceed t o  lower bshells by radial diffusion. 
Since the rate of radial diffusion is a strong function of L, 
increasing rapidly with increasing L, the initial enhancement 
for L > 5 shown in Figure 3 can occur by diffusion of electrons 
f’rom the vicinity of the magr:etopause but is beyond the 
temporal resolution of the Explorer X I V  orbit. 
the instrunent is sensitive to only electrons (E > 1.6 MeV) 
and, if the first adiabatic invariantp is conserved in this 
diffusion process, then the electrons which radially drift 
into the outer radiation zone to L - 4 with 
This set of chronological intensity profiles 
Further, since 
E - 1.6 MeV 
(detector threshold for penetrating electrons ) have 
energies 5 150 keV at L =loand hence are well below the 
302 G.M. tube penetrating-electron energy threshold. The above 
two factors l M t  the L-shell range over which we can determine 
the rates of inward radial diffusion of these electrons. 
The third and final example of replenishment of electrons 
(E > 1.6 MeV) i n  the outer radiation zone is shown i n  Figure 4; 
the relat ive intensity contours preceding the period of geo- 
magnetic act ivi ty  beginning 30 April displayed an orderly decline 
over the E s h e l l s  3.2 t o  4.6 with a more rapid decay with in- 
creasing L. During the storm period a typical rapid decrease 
was detected on the 1 April Explorer XIV pass through the  outer 
zone on all L-shells presented here with somewhat smaller 
decreases on the lower L-shells. 
intensi t ies  of electrons (E > 1.6 MeV) Were enhanced with 
increasing time delay and decreasing anrplitude for  decreasing 
values of L. 
intensi t ies  at L = 3.2 may be a maiifestation of the inabi l i ty  
of the present experimental appratus  t o  discern a small 
increase of intensities on t h i s  L-shell above the  intensi t ies  
of a r t i f i c i a l l y  injected electrons frcin the Soviet high-altitude 
explosions (see Figure 2) although the absolute intensi t ies  at 
L = 3.2 and 3.4 do not differ by more than 30% and the 
intensi t ies  a t  L = 3.4 increased by a factor of 
time history of the decay of a r t i f i c i a l ly  injected electrons 
Following the decrease the 
The observation of rio sigr,ificant irrcrease of 
5. The 
in the "slot" at  L - 3 (Figures 1, 2, and 4) indicates that 
loss mechanisms i n  this region are not more effective than i n  
the outer radiation zone [cf. Van Allen, 19641 and indicates 
tha t  perhaps the presence of the "slot" i s  not primarily a 
manifestation of a loss mechanism which is  more effective along 
these Eshel l s  but may be attributed t o  a weaker source. 
temporal intensity profiles of Figures 2 and 4 a l l o w  a raugh 
determination of the velocities of inward radial diffusion as 
a function of L i n  the outer radiation zone. These velocit ies 
have been estimated by calculating the  appsrent inward radial 
velocity of the logarithmic half-maxirmrm of t h e  inner side of 
the "wave" of energetic electrons. 
t ion  for the  two electron (E > 1.6 MeV) replenishment cycles of 
December 1%2--Janua,ry 1963 and April-bby 1963 are shown i n  
Figure 5. 
electrons (E > 1.6 MeV) i s  - 0.4 earth radius (day)" and a t  
L = 3 . j ~  is  - 0.03 earth radius (day)" and the  dependence of 
t h i s  rate of diffusion upon L is  - L . 
velocit ies for  the two replenishment cycles are equal a% a 
given E s h e l l  within the experimentd errors of the present 
experiment. 
manifestation of the instrument's inabi l i ty  t o  detect 8 change 
i n  intensity on this  Gshell  over the background of art if icially 
The 
The resul ts  of t h i s  cdcula-  
A t  L = 4.7 the apparent rate of inward diffusion of 
a The inward radial 
The anomalously l o w  point a t  L = 3.2 ma;y be a 
. 
injected electrcms. A coarse upper limit of - 0.003 earth 
radius (aay)-l at L = 2.1 has been obtained 
measurements [Van Allen, McIldn,  and Ludwig, 1959; McnWain, 
19613 of artificislly injected electrons produced by the 
Argus tests during 1958. 
Wlorer N 
It is of interest to note that if 
the present result is extrapolated to higher Lshells and 
a~suming that this apparent inwaxd radid velocity is not a 
strong function of electron energy, diff’usion of electrons f r a n  
L - 10 (new the magnetopause) to L 2 5 would take place in a 
period of - 1 day, a result which is completely satisfactory 
with regard to the temporal resolution of the Explorer XIV 
orbit for successive outer radiation zone passes (orbita3. 
period of sate l l i te :  36.4 hours). 
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Iv. DISCUSSION 
The present study of the temporal variations of 
electron (E > 1.6 MeV) intensities in the outer radiation zone 
during several replenishment cgcles followixq periods of geo- 
magnetic activity strongly inrplizs that inward raCial diff'usion 
of electrons from the vicinity of the magnetospheric boundary 
is the primary source of the energetic electrcns in the outer 
radiation zone L - 3.0. 
of electrois (E > 1.6 MeV) is - 0.4 earth radius (day),' at 
L = 4.7 and * 0.03 earth redius (day)" at L = 3.4 and varies 
&6 - L8 between these L-shells. 
mgnetic activity (roughly, C KJ? & 30) is followed within 
approximately 1 or 2 days by the appearmce of large increases in 
the intensities of electrons (E > 1.6 I k V )  in the outer radiation 
zone beyond L -  5 and the subsequent inward motion of this 
wave" of electrons over a period of weeks following the 
> !Che inward radial velocity of the "wave" 
The onset of period of geo- 
n 
geomagnetic storm period. 
diff'usion of energetic electrons across Lshells is active 
durlng periods of relative magnetic quiescence and the r a i d  
diffusion velocities (see Figure 5) are equal to within experi- 
mental uncertainties for each replenishment cycle of the outer 
radiation zone during this period of observations. 
The mechanism responsible for this 
From 
extrapolation of the present result and assuming that the rate 
of diffusion is  not a strong f'unction of electron energy, it 
is estimated tha t  approximately 1 or 2 days &re required for 
an electron t o  diffuse inward from the vicini ty  of the 
msgnetospheric boundary to L -  5 i n  agreemeut with the observa- 
t ions of the temporal variations of electron (E > 1.6 MeV) 
intensi t ies  reported here. Hence it appebs!: that  the increases 
of electrons@ > 1.6 Me9 intensit ies i n  the ou";er radiation 
zone reflect ,  wi th  the appropriate t i m e  delay, increases of 
energetic electron intensit ies i n  the vicini ty  of the magneto- 
pause during periods of geomagnetic act ivi ty  as indicated by 
ZKp and hence are positively correlated with the solar wind 
velocity [Snyder, Neugebauer, and Rao, 1g431. 
adiabatic invariant p is  conserved as an electron moves by 
radial. diffusion from L - 10 t o  L - 4, then a 150 keV electron 
a t  the mapfnetopause w i l l  acquire ,., 1.5 MeV upon arrival a t  
L - 4. 
for  the increases of electron (E > 1.6 MeV) intensi t ies  i n  the 
outer radiation zone an increase of electron (E - 150 keV) 
intensi t ies  i n  the transition region or just  within the 
magnetopause must be positively correlated with a,n increased 
solar wind velocity. 
( - lo6 t o  10 cm (sec)"') of electrons E 2 40 keV inside 
If the first 
> 
Hence from tne above interpretation i n  order t o  account 
The existence of large intensi t ies  
8 2  
the magnetopause is well known [cf. Freeman, 1364; Frank, 
19651; and recent measurements [Pan e t  al., 1964; Frank and 
Van Allen, 1964; Anderson and H a r r i s ,  19651 have sham tha t  
‘spikes’ of intensit ies of electrons i n  t h i s  energy range are 
frequent i n  the transit ion region and are positively correlated 
with 3-hour Kp values [cf. Frank and Van Allen, 19641. 
[I9601 and Herlofson [1960] have suggested tha t  diff is ion is 
an ixportant source of enezgetic electrons i n  the mter radiation 
zone; and recent cElculations by Hess e t  al. [19641, Mead and 
Nakada [19&], and Nakada e t  al. [1$41 assuming that  charged 
par t ic le  trans-L d i m i o n  proceeds with conservation of the  
ffrst two adiabatic iwariants  of motion show t h a t  the diffusion 
times (i.e., the time required for a charged par t ic le  t o  mve 
from L = 6, f o r  example, t o  a lower L-shell) would vasy as L 
i n  agreement with the present coarse experimental result. 
Menwain [19651 has recently reported an i m d  radial lcovement 
of a secondary peak of proton (40 < E < U O  MeV) intensi t ies  
at L - 2.2 by 0.15 
- 2 x loo4 earth radius (day)” which is only a factor of 
- 5 less  than tha t  given by extrapolation of the present 
r e s f i t  for  electrons (E > 1.6 M ~ v )  to L = 2.2. 
of resul ts  may indicate that the mechanism responsible for  
radial diffusion of chargedparticles i s  not strongly dependent 
Parker 
-0 
over a period of two years o r  
This comparison 
upon particle mass. 
present results obtained near solar minimum with obsemtions 
during a different portion of the solar cycle by Escplorers V I  
and V I I  which were also equipped with shielcled 302 
F’urther experiments with increased sensit ivity over a larger 
energy range, and for longer periods of observation are 
necessary i n  order t o  further investigate diffusion mechanlbrms 
8,s sources of energetic electrons i n  the outer radiation zone. 
It w i l l b e  of interest to conrpare the 
G.M. tubes. 
. 
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FIGURE c m o m  
Figure 1. Measurements of electron (E > 1.6 MeV) intensi t ies  
i n  the outer radiation zone (Am 5 30") 8s a function 
of L for several passes of Explorer XIV preceding and 
during the onset of geomagnetic ac t iv i ty  on 17 December 
1962 (after Frank, Van m e n ,  and H U s ,  1%). 
Figure 2. A continuation of Mgure 1 W i n g  t he  geomagnetfca3ly 
quiescent period a f te r  22 December which fisrlap the  
systematic inward motion of the inner side of the peak 
of electron (E > 1.6 MeV) intensi t ies  (mer Frank, 
V' Allen, and H i l l s ,  1964). 
Figure 3. A selected set of radial profi les  of the omnidirectionaA 
intensi t ies  of electrons (E > 1.6 MeV) for sever& 
similar Ekplorer XTV passes through the outer radiation 
zone . 
Figure 4. Relative omnidirectional intensity contours of 
electrons (E L 6  MeV) as a function of time for 
various E s h e l l s  precedi-ng and after the onset of 
gecmagnetic ac t iv i ty  on X April 1963 which display 
the i n i t i a l  sudden decrease follawed by an orderly 
replenishment of electron intensities. 
Figure 5. Velocity of inward radial motion of the inner edge 
of the outer radiation zone peak of electron 
(E > 1.6 MeV) intensit ies as a function of L. 
straight line h s  been drawn through the data points. 
If these data are f i t t e d  wLth a power law kLn 
A 
1) (see t e x t ) .  
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